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The present study describes the immobilization of horseradish peroxidase (HRP) on magnetite-modiﬁed polyaniline (PANImG)
activated with glutaraldehyde. After the optimization of the methodology, the immobilization of HRP on PANImG produced the
same yield (25%) obtained for PANIG with an eﬃciency of 100% (active protein). The optimum pH for immobilization was
displaced by the eﬀect of the partition of protons produced in the microenvironment by the magnetite. The tests of repeated use
have shown that PANImG-HRP can be used for 13 cycles with maintenance of 50% of the initial activity.
1.Introduction
In the last decade, several works have been conducted with
polyaniline (PANI) as the matrix for immobilization of hor-
seradish peroxidase (HRP) and its application in the devel-
opment of biosensors based on the conductive properties
of the polymer support [1–6]. In its chemically synthesiz-
ed form, PANI also has been studied as support for immo-
bilization of several other enzymes [7–14]. Our experience
with this support for immobilization of HRP include the
relationship between the oxidation state of PANI and the
amount of protein retained [7, 8], the acquired stability at
extremes of pH, during long-time storage, under organic
environment exposition, and during repeated use [8]. These
studies culminated in the development of a highly stable de-
vice for “in ﬂow” spectrophotometric determination of the
hydrogen peroxide [15]. Considering PANI as support for
enzyme immobilization and its use for the development
of a batch reactor, the separation from reaction medium
requires additional procedures such as centrifugation, ﬁl-
tration, or decantation, which are time and energy con-
suming. Attempts to overcome these problems include syn-
thesis of composites of PANI, such as polyethylene tereph-
thalate-PANI [16]a n dP V A - P A N I[ 17] which can be man-
ually removed from the reaction medium. In this case,
the capacity of retention was drastically reduced as a
consequence of reduction in the area for immobilization,
similar to what occurs with electrochemically synthesized
PANI.
Magnetization appears as a possible solution for several
materials that are diﬃcult to be removed from the reaction
medium [18, 19]. In the present study, we present a magne-
tite-modiﬁedPANI,whichassemblesthehighcapacityofim-
mobilization of the chemically synthesized polymer and its
easy removal from the reaction medium by application of an
external magnetic ﬁeld in the bottom of the reaction ﬂask.
The magnetite-modiﬁed PANI was chemically and morpho-
logically characterized, used for HRP immobilization, and2 The Scientiﬁc World Journal
theenzymeperformancecomparedtothatimmobilizedonto
PANI.
2. Methods
2.1. Polymer Synthesis, Magnetization, and Activation. Poly-
aniline (PANI) was synthesised as described previously [2]
using ammonium persulphate as oxidising agent. The result-
ing green/black powder was submitted to magnetization fol-
lowed by its activation by treating it with a solution of glu-
taraldehyde (PANImG). The magnetization consisted on
the slowly addition of 10mL of a solution of FeSO4
(121mgmL−1)a n dF e C l 3 (300mgmL−1) to 100mL of an
aqueoussuspensionofPANI(20mgmL−1).Themixturewas
alkalized to pH 12 by adding NH4OH 28%(v/v) and then
it was heated to 80◦C for 10min (PANIm). The treatment
with glutaraldehyde consisted on the incubation of PANIm
in the solution 2.5%(v/v) under reﬂux for 2h to produce
glutaraldehyde-modiﬁed polyaniline (PANImG). The pow-
dered PANImG was washed thoroughly with 0.1molL−1
phosphate buﬀer (pH 6.0), dried under vacuum, and stor-
ed at room temperature until further immobilization exper-
iments.
2.2. Polymer Characterization. The polymer PANImG was
characterized. PANIG and PANImG as KBr pellets were
characterized by FT-IR analysis using a Perkin Elmer Spec-
trometer. Thermal gravimetric (TG) analyses were conduct-
ed in a Thermal analyzer (TA) Instruments (2920 MDSC
V2.5F) with temperature ranging from 0 to 800◦C with in-
creasing of 10◦Cm i n −1. The scanning electron microscopy
(SEM) analysis was conducted in a JEOL-6100 electronic
microscope operated in 15kV. The atomic force microscopy
(AFM) analysis was performed in constant force contact
mode using an SPM-9600 equipment (Shimadzu).
2.3. Optimization of Ph and Temperature of Immobilization.
The optima time and pH for immobilization of peroxidase
were tested by dissolving 10μg of HRP in 0.1molL−1 acetate
buﬀer, pH 3.6–5.0, or in 0.1molL−1 phosphate buﬀer, pH
6.0–8.0, and 0.1molL−1 Tris/HCl, pH 9.0. These solutions
of HRP (1.0mL) were added to 5.0mg of PANImG and the
mixtures were gently stirred for 1h at 4◦Co rr o o mt e m -
perature. The solids were washed with the same buﬀer to re-
move unreacted enzyme and then tested for verifying the
enzyme activity.
2.4. Assay of Immobilized Enzyme. Typical tests for free enzy-
me were performed by adding 500μLH 2O2 (5.0mmol L−1)
to2.5mLof0.1molL−1 phosphatebuﬀer,pH6.0,containing
0.013molL−1 pyrogallol and 1.0μg (16.2U) free HRP. The
reaction proceeded and after 1min, the product was mon-
itored at 420nm in an Ultrospec 2000 spectrophotometer
(Pharmacia).Thetestsfortheimmobilizedenzymewereper-
formed under identical conditions, except that the reaction
was maintained under stirring and interrupted by separation
of the HRP immobilized from the reaction mixture by using
a magnet under the ﬂask. The supernatants were transferred
Table 1:ComparativeFT-IRbandsofPANI,PANIG,andPANImG.
Polymer Assignments Band
PANI∗
NH from benzoid ring 1500cm−1
NH from quinoid ring 1600cm−1
doping grade 1100cm−1
PANIG∗∗ aldehyde hydroxyl 1720cm−1
assimetric stretching of CH2 2740cm−1
PANImG angular deformation 830cm−1
superﬁcial hydroxyl group 584cm−1
∗Data from Fernandes et al. [7].
∗∗Data from Azevedo et al. [20].
to a cuvette followed by spectrophotometrical readings. One
unit of peroxidase activity (U) was deﬁned as a change of
0.1 absorbance unit at 420nm in 1min. The values obtained
in the blank reactions performed in the presence of either
hydrogen peroxide or polymer (PANImG) were discounted
from all the readings. All tests were performed in triplicate.
Theresultswerepresentedasaverageandstandarddeviation.
2.5. Repeated Use Tests. T h et e s t so fr e p e a t e du s ew e r ep e r -
formed as follows, with two concentrations of H2O2 (2.5 and
5.0mmolL−1): 5.0mg of PANImG-HRP were used in a re-
action as described in the Section 2.4, then removed with aid
of a magnet, washed three times with 0.1molL−1 phosphate
buﬀer, pH 6.0, and then used in a new reaction.
3. Results and Discussion
3.1.PolymerCharacterization. Thechemicalsynthesisresult-
ed in 88.3% yield. FT-IR analysis showed the characteristic
bands of polyaniline and those related to modiﬁcations in-
troduced by treatment with glutaraldehyde and magnetiza-
tion (Table 1).
The main assignments of PANIG compared to PANI are
the band at 2740cm−1 and the band at 1720cm−1 corre-
sponding to aldehyde hydroxyl. After the magnetization, the
band at 1720cm−1 disappeared in PANImG, probably due to
the recovering of the magnetite (Figure 1). The presence of
magnetitecanbeconﬁrmedbythebandat830and584cm−1
due to the angular deformation and the hydroxyl groups
from polymer surface due to the magnetite and due to
stretching and torsional vibrations of magnetite Fe–O bands
[20–22].
The decomposition curve characteristic of PANI has
three stages of weight loss. The ﬁrst step (50–120◦C) indica-
tes the loss of water in the matrix of the polymer; the second
stepofweightlossmaybeattributedtolossofaciddopandor
volatile elements bounded to the polyaniline chain [21]. The
third decomposition step occurs between 360 and 520◦C, in
which the mass loss may be a consequence of oxidative de-
gradation of the polymer in the air. This stage may extend
until 800◦C, with complete degradation of carbonic back-
bone. The pattern of weight loss of magnetite modiﬁed
PANIG is similar to unmodiﬁed PANI. Nevertheless, the re-
maining residue of PANImG is around 40% of the initialThe Scientiﬁc World Journal 3
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Figure 1: FT-IR spectra of PANIG and PANImG.
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Figure 2: SEM micrographs of PANIG (a) and PANImG (b).
mass. This is due to the presence of magnetite, a compound
that is not degraded in this range of temperature, whose
metallicresidueremainsasashes[23].Theincreasedthermal
stabilityinmagnetizedpolyanilinewasalsoobservedinother
studies [22, 23].
A sc a nb es e e na tFigure 2(a), the polymer PANI shows
a sponge-like structure, with a very large surface for enzyme
immobilization. This structure also explains several proper-
ties observed in the diﬀerent systems where polyaniline acts
as support for enzyme immobilization. The cavities provide
a microenvironment that protects the immobilized enzyme
from denaturation. The magnetization (PANImG) resulted
inachangeinthetextureofthesurfaceofpolyaniline(Figure
2(b)), which became rougher, but apparently without loses
in its superﬁcial area and consequently in its capacity for
retention of proteins.
3.2. Parameters of Immobilization. Several conditions
were tested to optimize the enzyme immobilization on
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Figure 3: Eﬀect of pH on immobilization of HRP in 5mg of
PANImG. Buﬀers used: 0.1mol L−1 sodium acetate (pH 3.6–5.0);
sodium phosphate 0.1mol L−1 (pH 6.0–9.0).
the magnetite modiﬁed PANI. Figure 3 shows the eﬀect of
solutions with diﬀerent pH on the enzyme immobilization.
The best results were obtained in the range between 4.0 and
6.0 for PANImG. Using PANIG, the best pH for the HRP im-
mobilization was observed in the range among 6.0 and 8.0,
with best performance at pH 6.0 [7]. The displacement ob-
served in the pH of immobilization resulted from changes in
the microenvironment produced by the magnetite. As re-
ported by B´ en´ ezeth et al. [24], amino groups such as those
presented in polyaniline induce changes in the behavior of
the magnetite in acid pH. In this range of pH, when mag-
netite is closely bonded or deposited on a support with avail-
able amino groups, magnetite acts as a receptor of protons
as described by
≡ FeOH
−0.5 +H +
(aq) ←→ ≡ FeOH2
+0.5. (1)
The consequence of the capacity of removing protons
from the microenvironment is an increase in the pH value in
the neighborhood of the PANImG, while the pH in the bulk
remainsacid.Inthiscase,thegroupsinvolvedinthebonding
of the HRP are the same groups that react with PANIG,
since the pH values in the microenvironment of PANIG and
PANImG are the same. This hypothesis is supported when
comparing the eﬃciency of immobilization of HRP in both
PANIG and PANImG.
Theeﬃciencyofimmobilizationwasthesameat4◦Cand
at room temperature. The amounts of enzyme and protein
bonded to magnetite modiﬁed PANI after optimizing the
immobilization conditions were the same as those obtained
with PANIG. The best result shows that 25.2% of the enzyme
oﬀered and 24% of the protein available for immobilization
process were immobilized. This indicates that 100% of the
immobilized protein retained its native activity. Moreover,
this result reinforces the same chemical behavior in the
immobilization reaction, instead of the pH displacement.
3.3. Repeated Use Tests. The tests of repeated use of PANIG-
HRP and PANImG-HRP revealed performances quite dif-
ferent. PANImG-HRP presented performance inferior to
PANIG-HRPinrepeateduse,indicatingthatmagnetitecould4 The Scientiﬁc World Journal
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Figure 4: Evaluation of peroxidase activity maintenance after re-
peated use of HRP-PANImG. Assay condition: 0.1molL−1 sodium
phosphate buﬀer pH 6.0 and 5.0mmolL−1 H2O2.
play an important role in the stability of the HRP. PANImG-
HRP showed great losses in activity in each cycle of using
and washing, retaining only 50% of its initial activity at the
9th cycle of repeated use (Figure 4).
Similar result was found by Hong et al. [25], working
with magnetic nanogels polymers, which were ﬁrst magne-
tized and then activated.
It is possible that magnetite in the surface of PANImG
acts as a charged group for electrostatic interactions with
HRP and then, the enzyme molecules weakly bonded were
leached at each cycle of washing with phosphate buﬀer
0.1molL−1.
The irreversible inhibition of HRP by high concentration
of hydrogen peroxide is a well-known characteristic of this
enzyme [26, 27]. Otherwise, some works reported that mag-
netite presents oxyreductive properties. In this work, the
PANImG was able to oxidize catechol in absence of HRP (the
values were discounted as blank values). Hence, the interac-
tion between hydrogen peroxide and magnetite could result
in early HRP inactivation. To verify this hypothesis, tests of
repeated use were conducted in concentrations of hydrogen
peroxide 50% lower (2.5mmolL−1) than used in normal
assay (5.0mmolL−1). The results are presented in Figure 5.
Ascanbeseen,reducedh ydrogenpero xideconcentration
enhanced stability for PANImG-HRP, being the last system
more stable, retaining 50% of the initial activity after 13
cycles of repeated use. This result indicates that an interac-
t i o nb e t w e e nm a g n e t i t ea n dh y d r o g e np e r o x i d em a yb er e s -
ponsible for HRP inactivation.
4. Conclusion
This study shows that magnetite-modiﬁed PANI is suitable
forimmobilization,conferringtothesystemtheadvantageof
being easily removed from the reaction medium by applying
a magnetic ﬁeld.
The immobilization of HRP on magnetite-modiﬁed
PANI had the same eﬃciency obtained with PANI without
magnetization. The magnetization and activation does not
interfere in the amounts of enzyme immobilized, but it does
interfereinthestabilityoftheimmobilizedenzyme.Itoccurs
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Figure 5: Evaluation of peroxidade activity maintenance after
repeated use of HRP-PANImG with H2O2 in lower concentration
(2.5mmolL−1).
probably due to the interactions between the magnetite and
the hydrogen peroxide. The present study showed that work-
ing with hydrogen peroxide in concentration of
2.5mmolL−1 resulted in an increase of stability for HRP,
which was used in 13 cycles of reaction.
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